ABSTRACT. The effect of oxygen radical scavengers in combination with magnesium administered after a hypoxicischemic insult was evaluated in a model of perinatal brain damage. A mixture of scavengers of oxygen-derived free radicals (L-methionine, 0.2 g; mannitol, 0.5 g) and magnesium sulfate (0.3 g) per kg body weight was given to 34
ABSTRACT. The effect of oxygen radical scavengers in combination with magnesium administered after a hypoxicischemic insult was evaluated in a model of perinatal brain damage. A mixture of scavengers of oxygen-derived free radicals (L-methionine, 0.2 g; mannitol, 0.5 g) and magnesium sulfate (0.3 g) per kg body weight was given to 34 I-wk-old rat pups immediately after a session of unilateral carotid artery ligation and 2 h of hypoxia (8% 0 2 in N2). Thirty-four littermates served as controls; they received a placebo. At 3 wk of age, there was a significantly smaller reduction of hemisphere weight ipsilateral to the ligation in the treated animals compared with the controls (0.7 versus 8.8% of contralateral hemisphere weight median values, p < 0.01). The difference was especially marked for the most severe degrees of brain damage. Only one of the 34 treated animals, compared with 13 of 34 control animals, had a reduction of ipsilateral hemisphere weight >25%. The protection offered by the mixture used was larger than in previously published studies using this model and treatment after the hyposic exposure with only one protective agent. It is concluded that a combination of oxygen radical scavengers and magnesium administered in the phase of resuscitation mitigates perinatal postasphyxial brain damage in the rat. An additive protective effect of different therapeutic strategies on the brain damage may be present in this situation. (Pediatr Res 34: 23-26,1993) Abbreviations LP, lipid peroxidation NMDA, N-methyl-D-aspartate ODFR, oxygen-derived free radical During recent years, an increasing number of reports have corroborated the theory that ODFR and the subsequently in-duced LP contribute to postischemic brain damage (1). These processes have also been implied to participate in perinatal brain damage (2,3). In guinea pig and rat fetuses, hypoxia and hypoxiaischemia activate these systems (4, 5). Moreover, in 7-d-old rats, the ODFR scavenger allopurinol reduces hypoxic-ischemic brain damage when administered before the insult (6). An LP inhibitor (U74006F) given postasphyxia has also been demonstrated to provide protection in this model (7). Finally, these processes appear to be involved in perinatal pathology in humans also (8, 9) . Intracellular calcium overload is considered to be of central importance to neurotoxic events (10, 1 1). Accordingly, flunarizine, a calcium channel blocker, offers partial protection against hypoxic ischemic brain injury in the 7-d-old rat (12, 13). Magnesium is known to block the entry of calcium into cells by acting at both voltage-dependent and the NMDA receptor-associated channels (14) . It has been demonstrated that magnesium reduces NMDA-mediated brain damage in perinatal rats (15).
In a previous study (16), we reported an improved cerebral function, compared with placebo-treated animals, in fetal sheep treated with a combination of ODFR scavengers, a calcium channel blocker, and magnesium. The animals were followed for 2 h; thus, only short-term benefits of this treatment were investigated. The aim of the present study was to examine the possible long-term protective effect against cerebral damage of ODFR scavengers in combination with calcium channel blockade using magnesium. We used an established model of perinatal hypoxicischemic brain damage in the newborn rat (17, 18). Treatment was given after the insult to increase the clinical applicability of the results. We also wanted to evaluate a potential synergism of the two therapeutic strategies using a comparison with the effects of posttreatment with either inhibition of LP or excitatory amino acid neurotoxicity as previously reported (7, 19) .
MATERIALS AND METHODS
Animal handling. Sprague-Dawley male and female rats (ALAB, Stockholm, Sweden) were housed separately with food (standard pellets, Ewos, Stockholm, Sweden) and water ad libitlim under stable environmental conditions: 12-h light-darkness cycles, 55% humidity, and temperature of 22°C. Mating was allowed for 24 h (d 0). Pregnant females were kept in separate cages from d 14 of pregnancy. Delivery took place on d 23.
Experimental procedures. On postnatal d 8 (day of birth designated d 1) unilateral hypoxic-ischemic brain damage was induced in 70 pups from nine litters weighing 13 + 1.7 g (mean f SD). Each pup was placed on a thermostated table, and the left common carotid artery was ligated and cut between two ligatures with the pup under enflurane anesthesia (2.0% for induction, 0.5 to 1.0% for maintenance; oxygen and nitrous oxide 1:l). Operation times for treated animals and controls were 12.5 + 0.6 and 24 THORDSTE :IN ET AL.
12.3 & 0.7 min, respectively (mean f SEM). Postoperatively, the pups were returned to the dam, and 2 h after completion of the last operation, the pups were subjected to hypoxia in a thermostated chamber. Temperature was kept at 37.0 to 37. I0C, and a preheated gas mixture of 8.15% oxygen in nitrogen saturated with water was passed through the chamber at a flow rate of 4.0 L/min. The exposure was terminated after 120 min or when two pups had died. Immediately thereafter, a mixture of ODFR scavengers (L-methionine, mannitol) and MgS04 dissolved in distilled water or placebo (a solution of NaCl of the same osmolality-710 mosmol/kg) was given intraperitoneally. The solutions were administered in proportion to body weight (0.1 mL/10 g), producing the following dosages: L-methionine, 0.2 g/kg; mannitol, 0.5 g/kg and MgS04, 0.3 g/kg. At the time of injection, the pups were paired using body weight as the matching parameter. In each pair, one animal received the treatment solution and the other placebo. Thereafter, the pups were returned to the dam, and they were all transferred to the animal house.
On d 22, the pups were killed by cervical dislocation and decapitated, and the brain was dissected out. Areas of obvious liquification were drained. The olfactorial tubercles, the cerebellum, and the brainstem were discarded, after which the hemispheres were separated in the midline and weighed with an accuracy of 0.1 mg (AND, ER-60-A, A&L Company, Ltd., Tokyo, Japan). The dissection of the brain was performed by an operator blinded to the mode of previous treatment.
The experimental protocol was approved by the animal ethics committee before the initiation of the study.
Statistical analj~sis.
A two-stage selection procedure was used: first litters were chosen and then animals were matched for weight within each litter (20). The plan was regarded as a splitplot design with litters as main plots and pairs nested within litters. The litter effect and the levels of pairs within litters were regarded as random variables. Treatment effects were assumed to be fixed. After logarithmic transformation of the values, analysis of variance was performed to test the difference between the treatments on reduction of left verst~s right hemispheral weight.
One animal, assumed to have received the treatment mixture, was regarded by the computer program as an extreme outlier (weight of left hemisphere, 0.1674 g; reduction of left hemisphere, 67.1 %). On the presumption that it had not received this treatment (e.g. through intraintestinal injection), it and its pair-mate were disregarded. Thus, in the calculation, 68 animals were included.
RESULTS
No difference in mortality rate was seen between the groups during the 2 wk of observation (one in the treated versus none in the control group). The weights of the hemispheres of controls and treated animals are shown in Figure 1 . The distribution of weights was symmetric for right hemispheres in both groups of animals. For left hemispheral weights, the distribution was skewed most markedly in controls, with a tail toward lower weights. The reduction of left hemispheral weight in percentage ofthe right is displayed in Figure 2 . Again, a skewed distribution, most pronounced in the control group, was seen. The difference between the groups (medians 8.85 versus 0.72%) was significant ( p < 0.01). The difference was most marked at the tail end of the distribution. Thus, the fourth quartile of the weight reduction started at 36% for the controls and at 13% for the treated animals. Accordingly, only one treated animal, compared with 13 controls, had a weight reduction >25%.
DISCUSSION
A reduction of the degree of brain damage caused by hypoxiaischemia was demonstrated in this study; median reduction of hemisphere weight was 0.7% for treated verszrs 8.8% for control animals (percentage of nonischemic hemisphere). Due to the skewed distribution, medians and quartiles were used for demonstration, and the split-plot variance method was used for statistical calculations. However, the median value tends to underestimate the degree of protection afforded by the treatment mixture in these experiments. This is demonstrated if mean values are calculated; the mean percentage reduction of hemisphere weight was 5.62 f 1.83% for treated and 19.01 f 4.00% for control animals (mean & SEM). The difference between median and mean values indicates that the protection was especially efficient against the most severe degrees of damage. Indeed, 
